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Abstract. We present calculations of the total and m-fold electron- loss cross sections 
using the DEPOSIT code for highly charged U q+ ions (q — 10,31,33) colliding with 
Ne and At targets at projectile energies E = 1.4 and 3.5 MeV/u. Typical examples of 
the deposited energy T(b) and m-fold ionization probabilities P m (b) used for the cross- 
section calculations as a function of the impact parameter b are given. Calculated 
m-fold electron-loss cross sections are in a good agreement with available experimental 
data. Although the projectile charge is rather high, a contribution of multiple-electron 
loss cross sections to the total electron-loss cross sections is high: about 65 % for the 
cases mentioned. 
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1. Introduction 

Multi-electron losses (EL) of projectile positive and negative ions colliding with neutral 
atoms and molecules play a key role in many problems of plasma physics and physics 
of accelerators, especially at low and intermediate collision energies. A contribution of 
multi-electron processes to the total electron-loss cross sections can be substantial and 
reach up to more than 50 % even for highly charged projectile ions. The total and m-fold 
EL cross sections can be calculated in the classical approximation using the Classical 
Trajectory Monte Carlo approach [Tj [2], [3] or the energy- deposit ion model [U El EJ [7] in 
the impact parameter representation providing an overall agreement with experimental 
data within a factor of two. 

In the present work the DEPOSIT code described in Ref. [8] is used to calculate 
the total and m-fold EL cross sections for U q+ ions, (q = 10,31,33) colliding with Ne 
and Ar targets at energies E = 1.4 and 3.5 MeV/u. The results are in a good agreement 
with available experimental data [9l HP"]. 

2. Theoretical approach 

The DEPOSIT code is based on the semi-classical energy deposition model introduced 
by N. Bohr [11] and developed further in Ref. [12] for ionization of atoms by ions. Here, 
this model is used for ionization of ions by neutral atoms at energies about a few MeV/u, 
where a contribution of multiple-electron loss processes to the total loss cross-section is 
very large 

In the energy deposition model, the problem of determination the m-fold ionization 
probabilities P m (b) is reduced to calculation of a 3D integral over the ion-coordinate 
space using projectile electron density p 7 (r) and the energy gain AE^(p) obtained in 
the field U(R) of the target atom 



Here, index 7 labels n/-shell of the ion, where n is the principal quantum number and 
/ is the orbital quantum number. The summation is over all occupied shells of the 
projectile ion. The energy gain AE 1 is determined depending on the relation between 
the ion velocity v and orbital velocity it 7 = J^Ly, I 7 is the binding energy of the 
projectile 7-shell. 

Electron density p 7 (r) in the present work is calculated using nodeless Slater wave 
functions, and atomic field at a distance R from its nucleus is given by sum of three 
Yukawa potentials with five fitting parameters defined from the Dirack-Hartree-Fock- 
Slater calculations [13J. 

The total EL cross-section is obtained directly from the equation 
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where parameter 6 max is (numerically) found from the equation 

^(^max) — 111 



(3) 



using the first ionization potential I\ of the projectile ion and expression (CQ) for the 
energy T{b). 

The m-fold cross-section is calculated in the following way 



where the m-fold ionization probabilities P m {b) are taken from the statistical Russek- 
Meli model [14j. In this model the P m {b) probabilities are presented analyticaly and 
can be found by using of the deposited energy T{b) and the ionization potentials Ik of 
the projectile. 

3. Results and discussions 

The calculated deposited energies T{b) and ionization probabilities P m (b) are presented 
for U 31+ ions colliding with Ar target at the energy E = 3.5 MeV/u in Fig. [1] and 
Fig. [2] correspondingly. The calculated m-fold EL cross sections for uranium ions U q+ 
(q = 10,31,33) colliding with Ne and Ar atoms are given in Fig. [3] and Fig. H] in 
comparision with experimental data. 

Fig. [1] shows typical example of the T(b) behaviour. The deposited energy for 
1/31+ j on j g transferred mainly to the 4d 10 4f lA shell for all valid values of the impact 
parameter b. The value fe max = 0.76 ao is obtained from the equation ([3]) for the first 
ionization potential I\ = 40.06 a.u. of U 3l+ ion. For this system the inner-shell electrons 
does not contribute much to the ionization process. 

Ionization probabilities calculated for U 31+ + Ar system colliding at the energy 
E = 3.5 MeV/u are presented in Fig [2j The Figure shows that for a given collision 
energy the probability of the 12-fold and more ionization processes is too small. This 
result is in correspondence with the experimental data [10] available only for number of 
ejected electrons m < 11. 

In the Fig [3] and Fig H] the calculated m-fold EL cross sections are shown in 
comparison with experiment. As one can see, the difference between the two data 
sets (experimental and theoretical) is small. The figures show that multi-electron losses 
contribute to the total EL loss significantly. 

Finally, we present calculated total EL cross sections for all the considered systems. 
For U 31+ + Ar at E = 3.5 MeV/u a to t = 5.18 x 10~ 17 cm 2 (experimental value 
aZt = 3.48 x 10~ 17 cm 2 ), for U 33+ + Ar at E = 3.5 MeV/u a tot = 4.27 x 10" 17 cm 2 
(aZ P = 2.63 x 10~ 17 cm 2 ), and for U w+ + Ne at E = 1.4 MeV/u a tot = 2.27 x 10~ 16 cm 2 
{ (T tot > = 2.09 x 10~ 16 cm 2 ). The corresponding experimental data are taken from the 
Refs. [HI [TO], and are in a reasonable agreement with results of our calculations. 
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4. Conclusions 

As seen from the experimental data for m-fold EL cross sections, a contribution of 
muti-electron losses (m > 1) to the total EL cross sections is very large and in the cases 
considered here reaches about 65 %. Calculations performed by the DEPOSIT code well 
reproduce this result. It means that multi-electron loss processes should be taken into 
account in investigations of kinetic of highly charged ions, first of all, in determination 
of the ion-charge fractions, mean charges of ions passing through the solid, gaseous or 
plasma targets, in estimations of the vacuum conditions in accelerator machines and 
many others. 
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Figure 1. Calculated energy T(b) deposited to uranium ions by Ar atoms as 
a function of the impact parameter b, the DEPOSIT code. A contribution of the 
deposited energy to different subshclls of uranium ions are shown. The horizontal line 
corresponds to the first ionization potential of U 31+ : I\ = 40 a.u. (1090 eV). The 
notation for the Slater shells, for example, 2(sp) 8 means the electron configuration of 
the 2s 2 2p 6 shell. 



U 3 '+ Ar at 3.5 MeV/u 




Figure 2. Calculated probabilities P m (b) for the m-fold ionization of U 31+ ions 
colliding with Ar atoms at energy E = 1.4 MeV/u as a function of impact parameter b. 
In every 6-point the condition J2 m P m (b) = 1 is satisfied. 
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Figure 3. Multiple-electron loss in U q+ + Ar collision at energy E = 1.4 MeV/u. The 
TO-fold electron-loss cross sections as a function of ejected electrons m. Experiment - 
Ref. [10], theory - the DEPOSIT code. The binding energies for U q+ ions are taken 
from Ref. [15] . 
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Figure 4. The m-fold electron-loss cross sections of U 10+ ions colliding with Ne 
atoms at the collision energy E = 1.4 MeV/u. Experiment - Ref. [5], theory - the 
DEPOSIT code. The binding energies for U 1Q+ ions are taken from Ref. [T5] . 



